In this study, the histological, immunohistochemical, morphometric, and biochemical changes to pancreatic beta-cells in STZ-induced diabetes were evaluated in rats treated with different doses of caffeine. Fifty adult male Wistar albino rats were divided into five groups: the nondiabetic control group, the diabetic untreated group, and three diabetic groups treated with different doses of caffeine (10, 50, and 100 mg/kg/day). Blood glucose and serum insulin levels were measured. The pancreata were collected and processed into paraffin sections. They were stained using hematoxylin and eosin (H&E) and Masson trichrome stains. The insulin expression in beta-cells was assessed using immunohistochemistry. Morphometrically, the percentage area of anti-insulin antibody reaction, the percentage of beta-cells per total islet cell number, and the average area of the islets were determined. STZ-induced degenerative changes in beta-cells led to decreases in the number of functioning beta-cells and insulin immunoreactivity and to increases in the number of collagen fibers in the islets. In STZ-treated rats, caffeine significantly decreased blood glucose concentration while increasing blood insulin levels at the highest applied dose. It also induced a significant increase in the number of immunoreactive beta-cells. In conclusion, caffeine may have a protective role in the biochemical and microscopic changes in pancreatic beta-cells in diabetes induced in rats through STZ administration.
Introduction
Caffeine, one of the methylxanthines, is naturally found in beverages such as coffee [1] . It is probably the most widely consumed psychoactive substance, due to its presence in coffee, tea, and medicinal products [2] . The effect of caffeine on glucose tolerance is still controversial, as previous studies have indicated that blood glucose concentrations are found to be, variously, higher, lower, or unchanged following caffeine administration [3, 4] . Diabetes mellitus is a common chronic human disease. Experimental induction of diabetes mellitus in animal models is essential for understanding the various aspects of its pathogenesis and to suggest of new therapies [5] .
Streptozotocin (STZ; N-nitro derivative of glucosamine) has been found to be a cytotoxic chemical to the pancreatic insulin-producing beta-cells of the islets of Langerhans in mammals [6, 7] . Injection of STZ results in the degeneration of beta-cells [8] . Induction of experimental diabetes in the rat using STZ has been found to be effective, convenient, and simple to use [6, 9] . Clinically, the symptoms of diabetes have been clearly seen in rats given single dose of STZ (60 mg/kg) intravenously or intraperitoneally, within 2-4 days following injection [10] . Historically, caffeine has been the subject of extensive research, and studies have been conducted in various species in order to determine the impact of caffeine on various biochemical and physiological processes. Beside its psychoactive effects, it also affects the endocrine, cardiovascular, respiratory, renal, and digestive systems [11] . However, there have been few studies of organ changes on the microscopic level subsequent to the experimental induction of diabetes. The present study aimed to evaluate the idea that caffeine might have a beneficial effect on a chronic degenerative disease like diabetes. The effects of different caffeine doses on the biochemical, histological, immunohistochemical, and morphometric alterations to islets of Langerhans beta-cells was investigated, with special reference to insulin secreting beta-cells, following the experimental induction of diabetes using streptozotocin (STZ).
Material and methods
Animals and experimental procedures. Fifty adult male Wistar albino rats weighing 250-275 g were purchased and housed in the animal facility at King Fahd Medical Research Center (KFMRC), Jeddah, Saudi Arabia. The experiment was conducted in accordance with the ethical rules and guidelines of the Canadian Council on Animal Care.
The rats were maintained at 22-24°C, with 55% relative humidity with light and dark periods at 12-h light/12-h dark intervals, starting at 6 a.m. Animals had free access to food and water, and were acclimatized for one week before the beginning of the experiment.
The rats fasted for 18 hours prior to the induction of diabetes mellitus. Diabetes was induced by a single intraperitoneal injection of streptozotocin (N-(methyl nitroso carbamoyl) alpha-D-glucosamine, Sigma, St. Louis, MO, USA) at the dose of 60 mg/kg body weight [12] . Freshly made solutions of STZ dissolved in 0.1 M citrate buffer (pH 4.5) were immediately prepared 10 minutes prior to injection, on account of the instability of STZ in solution. The nondiabetic control rats (group I) also received an injection of the citrate buffer. Following the injections, the rats had free access to (5%) glucose solutions for 24 hours in order to avoid the anticipated hypoglycemic shock. 72 hours following the injection, tail blood samples from overnight fasting rats were obtained to measure blood glucose and insulin levels. Rats with blood glucose levels above 250 mg/dL were classified as diabetic animals and were selected for the caffeine treatment [13] . Study design. Fifty rats were divided into two main groups. Group I consisted of the control nondiabetic group (n = 10), while group II consisted of the diabetic animals (40 rats that had been treated with STZ). Control animals were injected intraperitoneal (ip) with equivalent volumes of saline at the same time that the rats of group II received caffeine. The diabetic animals were subdivided into 4 groups (n = 10 each). Group IIa included untreated diabetic rats: these were injected (ip) with equivalent volumes of saline. Groups IIb, IIc, and IId, the treated diabetic rats, were treated daily for 6 weeks by (ip) injections of 10, 50, and 100 mg/kg BW, respectively, of caffeine (Sigma) dissolved in saline [14] . The dissolved caffeine was filtered through a disposable sterile filter membrane immediately before injection.
Measurements of blood glucose and serum insulin concentrations. Blood samples were drawn from each group 2, 4, or 6 weeks after caffeine administration. After fasting for 18 h, a blood drop was taken from the distal end of the tail, applied to a test strip, and analyzed immediately via a blood glucose monitoring system with a blood glucose monitoring device (Accu-Check Active, Roche Diagnostics, Mannheim, Germany) [15] .
By the end of the experiment but before sacrifice, the rats were anesthetized with ether, and blood samples were collected from the retro-orbital blood plexus by inserting a capillary tube in the medial canthus. Blood samples were centrifuged and their sera were stored at -80 o C until analysis. Insulin concentration was measured in serum (μIU/mL) using a rat-specific Insulin-Ak ELISA (DPC, Los Angeles, CA, USA) [16] .
Histological study. The pancreata were harvested from the sacrificed rats after dissection, and were weighed and washed with saline. The specimens were stretched on filter paper and fixed in 10% buffered formalin (pH 7.4). The fixed specimens were sliced, processed, and embedded into paraffin blocks. The blocks were cut into 4 μm paraffin sections by a rotator microtome. The sections were stained with Hematoxylin and Eosin (H&E) and with Masson trichrome stains [17] .
Immunohistochemical staining. Four-micrometer-thick paraffin sections were mounted on positively charged slides and subjected to the immunohistochemical (IHC) procedure using an Avidin-Biotin detection system (Ventana, Tucson, AZ, USA), following the manufacturer's instructions. Sections were incubated with polyclonal guinea pig anti-insulin antibody (1:100) (N1542, Dako, Carpinteria, CA, USA) for 10 min at room temperature. The IHC procedure was performed by an automatic immunostainer (Ventana Bench Mark XT, Ventana). Positive control slides (from archived blocks of previously positive pancreas) were included in each staining session. The negative control was nonimmune guinea pig serum in 0.05M Tri-HCL-buffer at pH 7.6. The reaction was visualized using 3,3-diaminobenzidine tetrahydrochloride (DAB Substrate Kit, Thermo Fischer Scientific, Rockford, IL, USA). Sections were counterstained with Harris hematoxylin. Slides were examined and photographed www.fhc.viamedica.pl using a light microscope (BX51, Olympus, Tokyo, Japan) fitted with an Olympus digital camera (DP20) [18] .
Image analysis. Morphometric measurements of the digitalized images of immunostained sections were carried out using the Image Pro plus image analyzer computer system (Media Cybernetics, Rockville, MD, USA). The following parameters were assessed: 1. Percentage area (%) of anti-insulin antibody reaction in islets was measured, in 5 islets from 5 different microscopic fields from five paraffin blocks randomly selected from each group -thus, from 5 rats from each group. 2. The percentage of beta-cells per total islet cell number was calculated by counting the number of cell nuclei as reference. The nuclei of all islet cells per islet profile were counted. The number of beta-cells (Bn) and the total number of islet cell nuclei (In) allowed determination of the beta-cell percentage per islet cell (beta-p).
The following equation was used to calculate this: beta-p = (Bn/In) × 100. This parameter was calculated for approximately 4 islets in each specimen and for 40 islets in each group [19] . 3. The average area of the islets was determined by measuring the area of 4 islets in each section of one rat, and in total for 40 islets from each group [20] .
Statistical analysis. Statistical analysis was performed using SPSS statistical software, version 15.0 (SPSS Inc., Chicago, IL, USA) for Windows. Data were analyzed and presented as means ± SD. Differences between continuous data were analyzed using one-way ANOVA. P < 0.05 was considered significant.
Results

Effect of caffeine on fasting blood glucose concentration
Fasting blood glucose (FBG) concentration increased significantly (P < 0.05) following STZ injection in all groups compared with the control group during the duration of the experiment. The rats in group IId, which received a dose of 100 mg/kg caffeine, showed a significant decrease (P < 0.05) in FBG over the course of the experiment (6 weeks), as compared with the rats of the untreated diabetic group IIa (Table 1) .
Effect of caffeine on serum insulin concentration
The mean serum insulin level in all the STZ-treated rats decreased significantly (P < 0.05), as compared with the control animals. The mean blood insulin concentration of the diabetic rats that received caffeine increased with the caffeine dose. Serum insulin concentration of the diabetic rats that received caffeine at a dose of 100 mg/kg BW (group IId) was significantly higher than in the diabetic rats of group IIa that did not receive caffeine ( Figure 1 ).
Morphology of pancreatic islets
Examination of H&E stained sections from the control group showed the pancreas to have a normal histological structure. The islets of Langerhans appeared as noncapsulated pale stained rounded or oval areas inside the pancreatic lobules, which were formed of groups of (Figure 2A) .
In diabetic group IIa, streptozotocin caused severe degenerative changes in the pancreatic islets, mainly at the center of the islets. Karyolysis of the nuclei was visible. Some cells had become enlarged with foamy or clear cytoplasm. Others ballooned and showed completely vacuolated cytoplasm. An apparent reduction in the size and number of islets was noticed, particularly around the larger vessels. Also, the cells in some exocrine acini showed cytoplasmic vacuolation ( Figure 2B) . Sections from the pancreata of group IIb animals (given 10 mg/kg caffeine) appeared similar to those of the diabetic group IIa ( Figure 2C ). Islets from rats of group IIc that received 50 mg/kg caffeine had degranulated cytoplasm in most cells, as compared with the control sections, and groups of dark nucleated cells could be seen in between ( Figure 2D ). However, rats from group IId, which received caffeine at a dose of 100mg/kg, showed islets with nearly regular outlines and almost normal cell morphology ( Figure 2E ). The Masson trichrome staining of the pancreas from the control rats (group I) revealed a normal structure characterized by the presence of delicate collagen fibers in the septa and around the pancreatic acini ( Figure 3A) . The collagen fibers were seen to incompletely surrounding the islets and around the blood capillaries between the endocrine cells of the islets ( Figure 3A ). In the diabetic group IIa, the dense connective tissue stroma was observed around some pancreatic ducts and blood vessels. The collagen fibers were seen around the blood capillaries between the endocrine cells of the islets ( Figure 3B) . Sections from the pancreata of the group IIb rats (caffeine 10 mg/kg) appeared similar to those of the diabetic group. Some islets appeared to be completely fibrosed ( Figure 3C ). In group IIc (caffeine 50 mg/kg), the thickening of the connective tissue septa was less frequently seen, compared with the diabetic group ( Figure 3D ). In group IId (caffeine 100 mg/kg), decreases in collagen fibers and fibrous septa were evident in comparison with the other groups of diabetic rats treated with lower doses of caffeine ( Figure 3E ). 
Immunohistochemical evaluation
In control group I, the insulin secreting cells or betacells represented the major cell population of the islets, occupying mainly the central zone. Positive insulin expression was seen in the form of dark brown granules present in the cytoplasm of beta-cells ( Figure 4A ). The diabetic group IIa showed a marked reduction in beta-cells number ( Figure 4B ). Immunostained beta-cells from group IIb appeared to be similar to that of diabetic group IIa ( Figure 4C ). An apparent increase in the number and percentage area of reactive beta-cells in group IIc ( Figure 4D ) was observed, as compared with the control diabetic group IIa. Some islets of the group IId rats presented increased beta-cell populations, while others had percentage areas of beta-cells comparable to group IIa ( Figure 4D ). 
Morphometric analysis
The percentage of beta-cells per total islet cell, the percentage area of reactive beta-cells, and the average area of the islets all significantly decreased in diabetic rats in comparison with control group I, for both the untreated group (IIa) and the group treated with 10 mg/kg (group IIb) and 50 mg/kg (group IIc) doses of caffeine. However, group IId (100 mg/kg) showed a significant increase in all morphometric parameters, as compared with the untreated diabetic group ( Figure 5 ).
Discussion
Although caffeine has been the subject of many studies aimed at determining its impact on various biochemical and physiological processes, the experimental studies dealing with the histological changes to the islets of Langerhans in diabetes are scarce. Diabetes mellitus is a global problem characterized by hyperglycemia and the destruction of the microscopic structure of the beta-cells of the pancreatic islets of Langerhans. Streptozotocin (STZ) has been widely employed to induce type-1 diabetes in animal models. A single injection of streptozotocin (45-65 mg/kg intraperitoneally) can be used to induce diabetes in rats [14, 21] .
In this study, we investigated the effect of caffeine on the microscopic structure of pancreatic Langerhans islets in rats with STZ-induced diabetes. A previous biochemical study produced similar results to the current findings. Kagami et al. stated that different doses of oral caffeine administration (50-100 mg/kg per day) for three days recovered the STZ-induced elevation of fasting plasma glucose concentrations and www.fhc.viamedica.pl pancreatic insulin content. Caffeine was postulated to protect beta-cells against STZ toxicity [14] .
The present biochemical results were in accordance with the observations of the previous study, which reported that supplementation of the diet with cocoa powder extract can help to improve insulin resistance due to its flavonoid content, which acts as an antioxidant [22] . Yet other authors have found a lack of significant difference in fasting plasma glucose and insulin levels after 4 weeks of cocoa extract supplementation (which contains 230 mg caffeine per 100 g) in obese-diabetic (Ob-db) rats [23] . However, supplementation of the diet with cocoa powder extract has been suggested to reduce blood glucose concentration in STZ-induced diabetes in rats [24] . Caffeine is known to increase the glucose transport rate in the absence of insulin in rodent skeletal muscles [25, 26] . Also, caffeine activates cyclic AMP-dependent protein kinase through an insulin-independent mechanism, which increases AMP kinase-1 to promote glucose transport. Caffeine antagonizes the adenosine A1 receptors in skeletal muscles, which improves glucose tolerance in rats [27] . These mechanisms may partially explain the reported hypoglycemic effect of caffeine in the present study.
The present biochemical results parallel the histological observations of the endocrine pancreas. The insulin-producing beta-cells were degraded and reduced in number in diabetic rats, resulting in decreased serum insulin concentration. Although low doses of caffeine failed to lead to recovery from the degenerative effects of STZ on the islets of the pancreas, high doses of caffeine (100 mg/kg/day) were able to reduce the morphological alterations of the islets of Langerhans in diabetic rats. This beneficial effect could be explained by the action of metabolic products of caffeine, such as theophylline, over a long period. Theophylline is known as smooth-muscle relaxant, and so may have a vasodilator effect on the blood vessels supplying the pancreas.
The immunohistochemical findings and the morphometric measurements presented in our study confirm the results reported by Ahmadi et al., who found a decreased number of insulin immunoreactive cells in the pancreatic islets of diabetic rats, along with a disrupted ultrastructure of beta-cells [28] . The present results show that caffeine at a dose of 100 mg/kg BW/day can induce significant improvements in the functioning of beta-cells, as evidenced by the elevated serum insulin level.
The results could be partially explained by considering the mode of action of STZ, which induces an increased release of reactive oxygen species, subsequently causing DNA damage [6] . This damage leads to activation of DNA repair enzyme poly ADP-ribose polymerase-1 (PARP-1). In consequence, a reduction in intracellular NAD is followed by ATP depletion, which leads to pancreatic beta-cell death [6] . Caffeine metabolites may help treat the toxic effects of STZ on beta-cells by inhibiting PARP-1 [29] . Moreover, it has been proposed that caffeine protects pancreatic beta-cells from the damage caused by the free radicals produced by oxidative stress, and prevents membrane disruption [14, 30] .
In brief, the conclusion of the present study is that the highest applied dose of caffeine may have a protective role on the biochemical and microscopic changes of pancreatic beta-cells in STZ-induced diabetic rats. It is recommended that further studies are carried out in order to more accurately determine the dose of caffeine required and to establish its potential as a new therapeutic and protective tool against diabetes.
